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A B S T R A C T

Aldehyde dehydrogenase (ALDH) isoforms are widely used as biomarkers and potential drug targets in cancer 
research. Quantitation of ALDH enzymatic activity in biological samples often relies on the use of commercially 
available assays that are quite unspecific and do not discriminate between the various ALDH isoforms. The 
availability of highly purified recombinant ALDH isoforms allowed us to perform a full kinetic characterization of 
ALDH isoforms with fluorogenic substrates, BODIPY™-aminoacetaldehyde (BAAA), the ALDEFLUOR™ assay 
reagent, and two naphthaldedyde derivatives, 6-methoxy-2-naphthaldehyde (MONAL-62) and 7-methoxy-1- 
naphthaldehyde (MONAL-71). All ALDH1A isoforms were active to different extend with BAAA, while 
ALDH3A1 did not show any activity. Remarkable kinetic differences between ALDH1A1, ALDH1A2, ALDH1A3, 
ALDH2 and ALDH3A1 were observed with naphthaldehyde derivatives. Exquisite sensitivity was attained with 
MONAL-62 with a lower detection limit of 2 amol or 106 molecules of enzyme per microliter for ALDH1A1. The 
high substrate specificity of ALDH1A1 for MONAL-71 provides an alternative assay for the unambiguous iden
tification of this isoform. Enzymatic properties of isoforms were accounted for by in silico simulations of substrate 
docking to the active site of ALDH structures. In addition to substrate specificity, inhibitor selectivity of each 
isoform, as assessed by incubation with DIMATE and ABD0171 inhibitors, provided additional information about 
isoform composition in low-activity samples isolated from cell extracts. The method was successfully applied to 
the detection of ALDH isoform activity in triple-negative breast cancer cells.

1. Introduction

The aldehyde dehydrogenase (ALDH) superfamily is encoded by 19 
genes in the human genome, each producing isoforms characterized by 
different oligomeric structures, substrate specificities, biological roles, 
tissue expression and subcellular localization. ALDH catalyzes the irre
versible NAD(P)+-dependent oxidation of aldehydes to their corre
sponding carboxylic acids, playing critical roles in detoxifying reactive 
aldehydes and protecting cells against oxidative stress. Physiological 
substrates include carbonyl compounds derived from hormones, lipid 
peroxidation products, amino acid and neurotransmitter intermediates. 

Relevantly, allelic variants of ALDH have been associated with various 
disease conditions, alongside epigenetic and transcriptional changes 
affecting their expression levels. The ALDH1A subfamily members, 
ALDH1A1, ALDH1A2 and ALDH1A3, participate in the conversion of 
retinaldehyde to retinoic acid [1], pivotal for embryonic development, 
epithelia maintenance, immunomodulation and cancer [2]. ALDH2, 
closely related to ALDH1A, primarily metabolizes ethanol-derived 
acetaldehyde while ALDH3A1 is abundant in corneal tissue with a 
protecting role against lipid peroxidation and UV radiation. These iso
forms have attracted significant attention due to their frequent upre
gulation in various cancer types, including cancer stem cells, and their 
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implication in tumor chemoresistance, metastasis and recurrence, 
making them prominent candidates in drug targeting efforts [3,4].

Assessing ALDH enzymatic activity is fundamental for understanding 
its functional implications in biological processes and disease contexts. 
ALDH activity can be measured fluorometrically in vitro and in intact 
cells by using various fluorescent substrates (Table S1). These fluores
cent molecules offer exceptional sensitivity, enabling measurement and 
visualization of ALDH activity across enzymatic assays, cell and tissue 
extracts, flow cytometry, confocal microscopy and high-throughput 
screening. For instance, the oxidation activity of ALDH in isolated 
enzyme preparations is typically determined by monitoring the increase 
in NAD(P)H fluorescence [5].

Naphthalene derivatives, such as 6-methoxy-2-naphthaldehyde 
(MONAL-62) and 7-methoxy-1-naphthaldehyde (MONAL-71), are suit
able substrates for detecting ALDH1 isoforms in assays involving cell 
and tissue extracts. These substrates were initially introduced by 
Wierzchowski and collaborators [6] for measuring ALDH activity in 
human blood, saliva, and organ biopsy samples. Since then, MONAL-62 
and MONAL-71 have served as fluorescent substrates to monitor ALDH 
activity in serum and tissue samples from cancer patients[7–12]. These 
substrates exhibit intense fluorescence spectra that do not overlap with 
that of typical proteins or that of NADH (Fig. S1), making them suitable 
for detecting ALDH even in samples with low activity, despite some 
noted limitations dealing with hemolysis and artifactual fluorescent 
complexes in plasma/serum samples or the lack of appropriate controls 
[13]. However, a comprehensive kinetic characterization of each ALDH 
isoform with these substrates is still needed.

In intact cells, the method of choice to detect ALDH activity is the 
ALDEFLUOR™ assay [14]. This technique uses 
BODIPY-aminoacetaldehyde (BAAA) as a substrate and has been widely 
employed to detect ALDH activity by flow cytometry, particularly for 
identifying cancer stem cells. However, the assay lacks ALDH-isoform 
specificity, which complicates data interpretation[15–17]. Several 
alternative probes have been also developed, including AlDeSense [18], 
AldeRed 588-A, a red-shifted fluorescent substrate [19,20], Amino 
BODIPY-Based Blue Fluorescent Probes [21,22], Near-infrared (NIR) 
fluorescent probes [23–26], and a fluorogenic isatin-naphthalimide 
ALDH1A1 inhibitor [27]. Some of these approaches require using the 
pan-ALDH inhibitor 4-diethylaminobenzaldehyde (DEAB) and blocking 
cellular efflux transporters to retain the fluorescent reaction product 
intracellularly [28].

Comprehensive kinetic data for ALDH isoforms with MONAL and 
ALDEFLUOR™ substrates have been lacking, precluding unambiguous 
interpretations of enzymatic activity in complex biological samples. 
Another shortcoming has been the urgent need for sensitive detecting 
tools and robust experimental protocols to isolate the contributions of 
specific ALDH isoforms in heterogeneous populations like cancer stem 
cells.

In the present work, the availability of purified active ALDH isoforms 
(ALDH1A1, ALDH1A2, ALDH1A3, ALDH2 and ALDH3A1) [5] has 
enabled a comprehensive kinetic characterization using 
BODIPY-aminoacetaldehyde, MONAL-62 and MONAL-71, along with 
comparison to the standard hexanal substrate. Molecular docking sim
ulations have been used to rationalize the experimental data in terms of 
structure-activity relationships. The use of these naphthalene de
rivatives has resulted in a significantly enhanced sensitivity for in vitro 
assays, particularly with low-activity samples from cell extracts. Finally, 
the combined use of activity determination with naphthalene de
rivatives and the inhibition with DIMATE and ABD0171 has facilitated 
the identification and quantification of single ALDH isoforms, especially 
ALDH1A1.

2. Materials and methods

2.1. ALDH substrates and inhibitors

BODIPY™ (4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-inda
cene)-aminoacetaldehyde diethyl acetal (BAAA-DA) was generously 
provided by STEMCELL Technologies SARL (France) and served as the 
fluorescent substrate for measuring ALDH activity in vitro. MONAL-62 
and MONAL-71, fluorescent naphthalene derivatives were purchased 
from Cymit Quimica and used to detect ALDH activity in cell extracts. 
Hexanal was obtained from Sigma-Merck and utilized as a standard 
aldehyde substrate for comparative assays. For inhibition studies, 
DIMATE (S-methyl 4-(dimethylamino)-4-methylpent-2-ynethioate) and 
ABD0171 (S-methyl 4-[dimethyl(2-{2,4-dimethylphenoxy}ethyl) 
amino]-4-methylpent-2-ynethioate) were synthesized in-house as pre
viously described [4]. All procedures involving toxic chemicals were 
performed in accordance with institutional safety protocols and appro
priate personal protective equipment.

2.2. Protein expression and purification

Recombinant human ALDH1A1, ALDH1A2, ALDH1A3, ALDH2 and 
ALDH3A1 containing an N-terminal (His)6 tag were prepared following 
previously described protocols [1,5]. Purification involved 
nickel-charged agarose affinity chromatography, followed by storage at 
− 20ᵒC in 20 mM Tris/HCl, 500 mM NaCl, 5 mM DTT, pH 8.0.

2.3. Determination of kinetic constants

BAAA was freshly prepared by converting its precursor, BAAA-DA, 
from its inactive form dissolved in dimethylsulphoxide (DMSO) to 
BAAA through treatment with 2 M HCl. The resulting BAAA solution was 
subsequently diluted with ALDEFLUOR™ Assay Buffer (Fig. 1).

The absorbance spectrum of BAAA was obtained using a Cary 400 
Varian UV–Visible spectrophotometer. Known concentrations of the 
compound were added to a final volume of 1 mL commercial Assay 
Buffer to determine the wavelength of maximum absorbance and 
calculate the molar extinction coefficient by applying the Lambert-Beer 
law from the linear plot of absorbance versus BAAA concentration. Then, 
the fluorescence emission spectrum of BAAA was measured in 50 mM 
HEPES, pH 8.0, as the routine buffer used in further experiments, using a 
Cary Eclipse Fluorescence spectrometer (Agilent).

The oxidation product of BAAA is the corresponding aminoacetate, 
which is not a commercially available compound and its fluorescence 
intensity is not significantly enhanced with respect to that of BAAA. 
Thus, NADH fluorescence was followed instead to determine the kinetic 
parameters of ALDH1A1, ALDH1A2, ALDH1A3 and ALDH3A1 using 
BAAA as a substrate. The enzymatic activity was performed in 1-mL 
quartz cuvettes, containing the corresponding reaction buffer for each 
isoform 50 mM HEPES, 0.5 mM EDTA, 0.5 mM DTT, pH 8.0, for 
ALDH1A1 and ALDH1A2; 50 mM HEPES, 50 mM MgCl2, 5 mM DTT, pH 
8.0, for ALDH1A3; and 50 mM Tris/HCl, 5 mM DTT, pH 8.0, for 
ALDH3A1, at 25 ◦C. Then, 500 μM NAD+ for ALDH1A1, ALDH1A2 and 
ALDH1A3 or 1 mM NADP+ for ALDH3A1, was added, and 5 μM NADH/ 
NADPH was used as an internal standard. The reaction was initiated 
using different concentrations of BAAA substrate. The fluorescence of 
NADH/NADPH was monitored at 460 nm with excitation at 340 nm, 
using 10 nm for the excitation and emission spectral bandwidths [5].

A Cary 400 Varian UV–vis spectrophotometer was used to determine 
the absorbance spectra of MONAL-62, 6-methoxy-2-naphthoic acid 
(MONOIC-62), MONAL-71, 7-methoxy-1-naphthoic acid (MONOIC-71) 
and NADH in water:acetonitrile (60:40, v/v) for MONAL series of 
compounds (Fig. 2) and 50 mM HEPES, pH 8.0, for NADH. Precise 
substrate concentration was assessed from molar extinction coefficients 
for MONAL-62, ε316 = 14.2 × 103 M− 1 cm− 1, and MONAL-71, ε352 = 6.1 
× 103 M− 1 cm− 1 [6,29]. Then, 1 μM of each compound was analyzed to 
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determine their fluorescence spectra with a Cary Eclipse fluorescence 
spectrometer (Agilent) when exciting at their corresponding excitation 
wavelength (Fig. S1). Furthermore, the fluorescence emission spectra of 
MONOIC-62, MONOIC-71 and NADH were also obtained when exciting 
at the excitation wavelength of the corresponding substrates to check for 
any overlapping peaks. In order to obtain the kinetic constants of 
ALDH1A1, ALDH1A2, ALDH1A3, ALDH2 and ALDH3A1 using MONAL 
series of compounds, the assays were carried out in 50 mM sodium 
pyrophosphate/NaOH, 0.5 mM EDTA, pH 8.1. The working solutions of 
substrate and internal standard were prepared freshly in reaction buffer 
to obtain the reaction rate at different substrate concentrations (from 
0.025 to 50 μM). The assay was performed in 1-mL quartz cuvette at 
37ᵒC, adding 150 μM NAD+ or NADP+ as a cofactor. The reaction was 
initiated by the addition of the aldehyde substrate and the fluorescence 
of MONOIC-62 product was monitored at 360 nm with excitation at 288 
nm, using 5 and 10 nm for the excitation and emission spectral band
widths, respectively; the fluorescence of MONOIC-71 product was 
monitored at 395 nm with excitation at 331 nm, using 10 and 10 nm for 
the excitation and emission spectral bandwidths, respectively. Further
more, 1 μM MONOIC-62 or MONOIC-71 was added as an internal 
standard to obtain the absolute reaction rate, which is calculated as 
described previously [5].

The enzymatic kinetic data were analyzed using GraFit 5.0 (Eritha
cus Software) and all data were fitted to the standard Michaelis-Menten 
equation. Experimental values were represented as the mean ± standard 
deviation from three independent measurements, while kinetic param
eters were the mean ± standard error.

2.4. Molecular docking analysis

The 3D structures of ALDH1A1 (PDB code 4WB9) and ALDH1A3 
(PDB codes 7QK7 and 7QK8) were used. The co-crystallized ligands, 
ions, and water molecules were removed from the X-ray structures and 
polar hydrogens were added to ensure the simulation of a biological 

environment by Autodock Tools [30]. The Gasteiger charges were 
assigned for a precise modeling of the electrostatic interactions. Then, 
the rotatable bonds in the MONAL series of compounds were determined 
and given some flexibility to improve interaction with the target. NAD+

cofactor was adapted from ALDH1A3 structure to ALDH1A1. The pro
cessed ligands were used in a PDBQT file format. All docking calcula
tions were carried out on the X-ray structures of human ALDH1A1 and 
ALDH1A3 in complex with MONAL-62 and MONAL-71, both in the 
presence and absence of NAD+ cofactor. The molecular docking analysis 
was performed using PyRx – Phyton Prescription virtual screening 
software [31], which incorporates tools mainly combined from Auto
Dock [30] and AutoDock Vina [32]. The protein and ligands were 
selected in the environment associated with Vina and the binding site 
was defined as an inclusion region with focus located in the catalytic 
cysteine residue, which entirely encompassed all the binding-pocket 
conformations of the trajectory. The binding site was defined by a box 
along the x, y, and z axes centered on the catalytic cysteine (ALDH1A1: 
x = 21.5 Å; y = 21.0 Å; z = 22.0 Å; ALDH1A3: x = 21.0 Å; y = 21.0 Å; z 
= 21.0 Å). Once the grid was defined, a total of 8 models ordered ac
cording to free binding energy (ΔG) criteria and the expected pose of the 
ligand were generated and the top-ranked docking pose was considered 
as the final pose. The reliability of the docking program was assessed 
calculating the root-mean-square deviation (RMSD), both for lower 
bounds (RMSD lb) and upper bounds (RMSD ub).

2.5. Inhibition screening and determination of the IC50 value

Enzymatic assays were performed using single-point measurements 
to assess the inhibitory activity of DIMATE and ABD0171 compounds at 
a concentration of 10 μM against ALDH1A1 and ALDH3A1. Inhibitors 
were dissolved in ethanol and assayed at a final concentration of 1 % 
ethanol (v/v). The inhibition screening was carried out fluorometrically 
using a Cary Eclipse Varian fluorimeter in 50 mM sodium pyrophos
phate/NaOH, 0.5 mM EDTA, pH 8.1, at 37ᵒC, in the presence of 150 μM 

Fig. 1. Chemical structures of the inactive BAAA-DA substrate, the activated BAAA substrate, and the BAA product form of ALDEFLUOR™. Adapted from 
StemCell Technologies, 2011.

Fig. 2. Enzymatic reaction of 6-methoxy-2-naphthaldehyde (MONAL-62) and 7-methoxy-1-naphthaldehyde (MONAL-71) mediated by ALDH. In MONAL- 
62, the methoxy (− OCH3) and aldehyde (− CHO) groups are both located at β positions of the aromatic naphthalene system, whereas in MONAL-71 these groups 
are at α and β positions, respectively.
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NAD+ (added after enzyme-inhibitor pre-incubation) and using a satu
rating concentration of substrate (5 μM MONAL-62). The effect of 
different pre-incubation times was also analyzed in order to study the 
time-dependent effect of inhibitors. Then, treatments at 5 and 20 min 
were tested and the remaining activity of ALDH1A1 and ALDH3A1 was 
obtained from the fluorescence of the reaction product MONOIC-62, 
which was monitored at 360 nm with excitation at 288 nm, using 5 
and 10 nm for the excitation and emission spectral bandwidths. Data are 
presented as the mean ± standard deviation from two independent 
measurements using GraphPad Prism version 8.4.2 version for Windows 
(GraphPad Software, Boston, Massachusetts USA, www.graphpad.com).

In order to determine the IC50 value for ALDH1A1 with DIMATE, 
reaction rates were obtained at various inhibitor concentrations at a 
fixed saturating concentration of substrate (5 μM MONAL-62), after 5- 
min pre-incubation time. The IC50 value was calculated by non-linear 
fitting of the obtained data to a sigmoidal plot using GraFit 5.0 (Eri
thacus Software), with the following 4-parameter equation: 

y=
range

1 +

(
x

IC50

)s + background 

where y is the specific activity, x is the inhibitor concentration, 
background is the minimum y value, range is the fitted uninhibited value 
minus de background, and s is the slope factor. Experimental values 
were represented as the mean ± standard deviation from two indepen
dent measurements, while IC50 value was expressed as the mean ±
standard error.

2.6. ALDH activity assays in cell extracts

Breast cancer cell lines MDA-MB-231, MDA-MB-468, and HCC70 
were obtained from ATCC and cultured in DMEM, DMEM F12, or RPMI 
culture media, respectively, supplemented with 10 % FBS without an
tibiotics. Cells were maintained at 37 ◦C with 5 % CO2 until reaching the 
exponential growth phase. Cell lysates were prepared using mammalian 
protein extraction reagent (M-PER, Thermo Scientific). Cell pellets were 
resuspended in 200 μL M-PER, lysed with two cycles of ultrasound at 
110–120 V, 50–60 Hz for 5 min, and centrifuged at 16,100×g for 10 min 
at 4ᵒC. The supernatant was collected for protein quantification. ALDH 
activity assays were conducted using hexanal or MONAL-62 as a sub
strate. In the routine method using hexanal, the reaction buffer was 
adapted without or with 50 mM MgCl2 to set the enzymatic assay in the 
optimal conditions to detect ALDH1A1 or ALDH1A3 activity, as 
described previously [5]. Thus, 50 mM HEPES, 0.5 mM EDTA, pH 7.2, 
was used to detect ALDH1A1 while 50 mM HEPES, 50 mM MgCl2, pH 
7.2, was used to detect ALDH1A3. Enzymatic assays with 30 and 250 μM 
hexanal as saturating concentrations were used for ALDH1A1 and 
ALDH1A3, respectively. MONAL-62 assays were conducted in 50 mM 
sodium pyrophosphate/NaOH, 0.5 mM EDTA, pH 8.1, with 5 μM 
MONAL-62 as a saturating substrate concentration. Both assays were 
carried out at 37 ◦C with 500 μM NAD+. The inhibition screening in cell 
extracts was carried out as described above, using 15 and 100 μM 
DIMATE and ABD0171. Experimental values were represented as the 
mean ± standard deviation from two independent measurements.

3. Results and discussion

3.1. Determination of kinetic parameters for ALDH1A isoforms using 
BODIPY-aminoacetaldehyde as a substrate

A comprehensive kinetic characterization of BAAA, a key substrate in 
the ALDEFLUOR™ assay, with each ALDH1A isoform is currently un
available. This information is pivotal for distinguishing the roles of these 
isoforms in ALDH-mediated cellular processes in both healthy and 
diseased states. To address this gap, we conducted a detailed 

characterization using active recombinant human ALDH1A1, ALDH1A2, 
ALDH1A3, and ALDH3A1.

In order to perform the study, the spectral properties of BAAA, the 
ALDEFLUOR™ assay reagent, had to be determined. The UV–visible 
absorbance spectrum of BAAA in commercial Assay Buffer revealed a 
peak at 506 nm (Fig. S2). Only the spectral properties of BAAA could be 
characterized since the carboxylic acid form (BAA) was not commer
cially available. The molar extinction coefficient was calculated from the 
linear plot of absorbance versus known concentrations of the compound 
(Fig. S3), resulting in ε506 = 33.2 × 103 M− 1 cm− 1. This allowed us to 
determine the precise substrate concentration prior to each experiment 
from the absorbance measurement in commercial Assay Buffer. Then, 
the fluorescence emission spectrum of BAAA was recorded in 50 mM 
HEPES, pH 8.0, as the routine buffer used in further experiments when 
excited at 506 nm, displaying maximum emission at 512 nm. Fluores
cence emission spectrum of BAAA was also recorded by exciting at 340 
nm, and no emission at 460 nm was detected (data not shown). This 
allowed us to follow the fluorescence of NADH/NADPH at 460 nm with 
excitation at 340 nm without any interference from BAAA.

Table 1 summarizes the kinetic parameters of ALDH1A isoforms 
using BAAA as a substrate, monitored via NADH fluorescence at 460 nm. 
All active isoforms displayed Michaelis-Menten kinetics with BAAA 
(Fig. S4). The Km values for ALDH1A1, ALDH1A2, and ALDH1A3 were 
within the same micromolar range. Notably, ALDH1A2 exhibited the 
highest kcat values, reflecting in its superior catalytic efficiency (kcat/Km 
= 33,500 ± 8200 mM− 1 min− 1). This observation aligns with previous 
reports highlighting higher enzymatic rates of ALDH1A2 with various 
aldehyde substrates [1]. In contrast, our findings differ substantially 
from those previously reported by Yagishita et al. [21] for ALDH1A1, 
where an HPLC-based assay yielded a Km value of 161 μM and a kcat 
value of 465 min¡1. These discrepancies may arise from variations in 
assay conditions and detection methodologies. Additionally, consistent 
with previous HPLC analyses [21], ALDH3A1 exhibited negligible ac
tivity with BAAA, corroborating its limited reactivity with this substrate. 
These results underscore the limitations of the ALDEFLUOR™ assay in 
distinguishing ALDH1A isoforms, although it does not detect ALDH3A1.

3.2. Kinetic characterization of ALDH1A1, ALDH1A2, ALDH1A3, 
ALDH2 and ALDH3A1 isoforms using naphthaldehyde derivatives as 
substrates

Naphthaldehyde derivatives (MONAL-62 and MONAL-71), previ
ously described by Wierzchowski et al.[6,29], were explored as alter
native fluorescent substrates for ALDH. Here were conducted a complete 
kinetic characterization with five different ALDH isoforms. All active 
isoforms exhibited Michaelis-Menten kinetics with both MONAL-62 and 
MONAL-71 (Fig. S5).

ALDH1A1 demonstrated to be the most efficient enzyme for the 
oxidation of MONAL-62, driven by its low Km value and a robust cata
lytic rate (Table 2). Conversely, ALDH1A2, despite displaying the 
highest kcat value for MONAL-62, showed a significantly higher Km 
value, resulting in a lower catalytic efficiency. ALDH1A3 exhibited the 

Table 1 
Kinetic constants of ALDH1A1, ALDH1A2 and ALDH1A3 with BODIPY- 
aminoacetaldehyde as a substrate.

Parameters ALDH1A1 ALDH1A2 ALDH1A3 ALDH3A1

Km (μM) 2.1 ± 0.2 5.2 ± 1.2 4.9 ± 0.7 NA
kcat (min− 1) 11.2 ± 0.4 174 ± 15 7.3 ± 0.4 NA
kcat/Km (mM− 1 

min− 1)
5300 ±

510
33,500 ±

8200
1500 ±

230
NA

Enzymatic activity was measured fluorometrically in the corresponding reaction 
buffer at 25ᵒC. To calculate kcat values, the molecular weight used was: 
ALDH1A1, 220,000; ALDH1A2, 226,800; and ALDH1A3, 224,000. NA, no ac
tivity was detected by using up to 30 μM BAAA and 0.3–0.8 μM enzyme. Values 
are the mean ± standard error.
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lowest Km value for MONAL-62 among the active isoforms. However, its 
turnover rate was comparatively low, resulting in the lowest catalytic 
efficiency. These kinetic parameters of ALDH1A3 for MONAL-62 are 
characteristic of slow substrates, which typically show high affinity for 
the active site but a very low reaction rate.

ALDH3A1 demonstrated significant catalytic efficiency, with a kcat/ 
Km value of 1,800,000 ± 509,000 mM− 1 min− 1 using NAD + as cofactor 
and 897,000 ± 86,000 mM− 1 min− 1 with NADP+. Unlike ALDH1A iso
forms, ALDH3A1 is unique in that it can utilize both NADP+ and NAD+

as cofactors [33,34]. In contrast, ALDH2 exhibited lower catalytic effi
ciency in oxidizing MONAL-62, reflecting a moderate Km and a low kcat 
value.

The ALDH isoforms generally showed minimal to no activity with 
MONAL-71 compared to MONAL-62 as a substrate (Table 2). Specif
ically, ALDH1A3 and ALDH3A1 exhibited no detectable activity. Km 
values for MONAL-71 moderately increased for ALDH1A1, ALDH1A2 
and ALDH2, accompanied by a substantial decrease in kcat values. 
Notably, the kcat value of ALDH1A2 decreased by three orders of 
magnitude, resulting in a significantly lower catalytic efficiency 
compared to ALDH1A1. Thus, MONAL-71 proved to be a poorer sub
strate than MONAL-62 across most ALDH isoforms tested, yet it remains 
a promising candidate for distinguishing between ALDH isoforms, 
particularly given the high catalytic efficiency (kcat/Km = 56,000 mM− 1 

min− 1) of ALDH1A1, relative to ALDH1A2 (410 mM− 1 min− 1) and 
ALDH2 (178 mM− 1 min− 1). These findings are consistent with previous 
reports on ALDH2, ALDH3, and unidentified isoforms of ALDH1A iso
lated from human tissues [6,29]. By leveraging assays that monitor 
MONAL-71 conversion, researchers can effectively distinguish 
ALDH1A1 activity from other isoforms in biochemical studies, tissue 
samples, or live-cell imaging scenarios where concurrent presence of 
other ALDH1A isoforms, as well as ALDH2 and the ALDH3 family, may 
occur.

Altogether, these results highlight the exquisite sensitivity of 
MONAL-62, which exhibits a lower detection limit of 1.95 pM ALDH1A1 
(equivalent to 2 amol or 106 molecules of enzyme per microliter), 
significantly outperforming the method using hexanal based on NADH 

fluorescence (detection limit of 140 pM enzyme). The superior sensi
tivity of MONAL-62 can be attributed to the higher quantum yield of 
MONOIC-62 compared to that of NADH (Table S1) and the higher kcat 
value (720 min− 1) of ALDH1A1 for MONAL-62 relative to hexanal (31 
min− 1). Conversely, for ALDH1A3, MONAL-62 offers lower sensitivity 
with detection limit of 1380 pM enzyme, whereas hexanal affords a 
lower limit of 70 pM ALDH1A3, further underscoring the selectivity of 
MONAL-62 for ALDH1A1 over ALDH1A3. This selective capability of 
MONAL-62 proves advantageous in biological samples with low ALDH 
activity, enabling enhanced discrimination between ALDH isoforms. 
The identification of ALDH1A1 would be further enhanced by 
combining the use of MONAL-71 as a substrate, which is not active with 
ALDH1A3 and shows low activity with ALDH1A2.

3.3. Molecular docking analysis of naphthaldehyde derivatives reveals 
isoform-specific interactions with ALDH1A1 and ALDH1A3

Molecular simulations were employed to elucidate the distinct ki
netic behavior observed between ALDH1A1 and ALDH1A3 when inter
acting with naphthaldehyde derivatives. These isoforms were selected 
due to their structural similarity within the ALDH1A subfamily, yet they 
exhibit markedly different kinetic properties with the naphthaldehyde 
derivatives. The simulations aimed to rationalize these divergent kinetic 
profiles, shedding light on the underlying molecular interactions that 
govern substrate specificity and catalytic efficiency in ALDH enzymes. 
The molecular docking analysis of MONAL-62 and MONAL-71 with 
ALDH1A1 and ALDH1A3 isoforms revealed significant differences in 
substrate orientation and interaction with the active-site residues 
(Figs. 3 and 4).

Regarding the interaction between MONAL-62 and ALDH1A1, the 
carbonyl group of the substrate adopted a favorable orientation towards 
the active-site cysteine residue (Cys303, Fig. 3A). Despite appearing 
distant from the NAD+ cofactor, the Y-shaped orientation facilitated 
electron transfer and efficient catalysis. Additionally, the substrate was 
stabilized through aromatic interactions, forming a face-to-face (RING 
FF) interaction with Phe171 and an offset face-to-face (RING OF) 
interaction with both Phe171 and Tyr297. This strong stabilization 
suggests that the larger atomic volume of the catalytic pocket in 
ALDH1A1 allows for conformational flexibility, potentially enhancing 
catalytic rates through structural rearrangements within the active site. 
The low ΔG and RMSD values correlated well with low Km values, 
indicating strong enzyme-substrate binding and optimal positioning 
within the active site. This minimal conformational fluctuation of 
MONAL-62 upon binding suggested precise alignment of its reactive 
functional groups, facilitating favorable transition state formation and 
reducing the energetic barrier for the enzymatic reaction.

MONAL-62 exhibited a stronger binding affinity with ALDH1A3, 
supported by its slightly more favorable ΔG and lower RMSD values 
(Fig. 3B). Moreover, the stability of MONAL-62 within ALDH1A3 active 
site was supported by multiple interactions with aromatic residues, such 
as Phe182, which engaged in RING FF interactions at a close distance of 
3.2 Å. Additionally, Phe182 formed RING OF interactions with the 
adjacent aromatic ring of the naphthalene system, with minor edge-to- 
edge interactions (RING EE) also involving Phe308 and the naphtha
lene ring. This latter interaction, although weaker, contributed to sub
strate stabilization necessary for the catalytic reaction mediated by 
Cys314. While the distance between the nucleophilic residue and the 
carbonyl carbon of MONAL-62 was 4.2 Å, the NAD+ cofactor was 
positioned optimally at 4.7 Å for the reaction. Despite strong substrate 
binding, the conversion of MONAL-62 into product may occur at a 
relatively slow rate, consistent with the low kcat value of ALDH1A3 
(Table 2). This could be due to an extended residence time of the sub
strate within the narrower active site pocket of ALDH1A3, where mul
tiple stabilizing interactions formed a tightly bound complex, 
potentially hindering the conformational changes required for efficient 
catalytic turnover. This characteristic resembled that of the inhibitor 

Table 2 
Kinetic constants of ALDH1A1, ALDH1A2, ALDH1A3, ALDH3A1 and ALDH2 
with MONAL-62 and MONAL-71 as substrates.

Isoform MONAL-62 MONAL-71

Km 

(μM)
kcat 

(min− 1)
kcat/Km 

(mM− 1 

min− 1)

Km 

(μM)
kcat 

(min− 1)
kcat/Km 

(mM− 1 

min− 1)

ALDH1A1 0.29 
±

0.09

720 ±
56

2,400,000 
± 777,300

5.08 
±

1.51

28.4 ±
2.9

56,000 
± 1755

ALDH1A2 3.50 
±

0.44

2890 ±
95

812,000 ±
103,000

8.87 
±

2.37

3.67 ±
0.34

410 ±
117

ALDH1A3 0.10 
±

0.02

4.30 ±
0.16

42,800 ±
7600

NA NA NA

ALDH2 1.12 
±

0.42

80 ± 6 72,000 ±
27,700

3.56 
±

1.32

0.63 ±
0.06

178 ±
68

ALDH3A1a 0.80 
±

0.22

1450 ±
125

1,800,000 
± 509,000

NA NA NA

ALDH3A1b 0.30 
±

0.03

270 ± 6 897,000 ±
86,000

NA NA NA

Enzymatic activity was measured fluorometrically at 37ᵒC in the presence of 
150 μM NAD+ (for ALDH1 and ALDH3A1a) and 150 μM NADP+ (for ALDH3A1b). 
To calculate kcat values, the molecular weights used for ALDH1A1, ALDH1A2 
and ALDH1A3 are described in Table 1, for ALDH3A1 was 100,800, and for 
ALDH2 was 245,000. NA, no activity was detected by using 30 μM MONAL-71 
and 0.2–0.7 μM enzyme. Values were the mean ± standard error.
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diethylaminobenzaldehyde (DEAB) [35], suggesting that MONAL-62 
acts as a slow substrate for ALDH1A3.

Fig. 4 depicts MONAL-71 interactions with ALDH1A1 and ALDH1A3. 
In ALDH1A1, MONAL-71 was optimally docked to the catalytic site, 
interacting primarily with Cys303 at a productive atomic distance of 4 
Å, and stabilized through RING OF interactions with Phe171 and a 
sulphur-π interaction with Cys302 (Fig. 4A). Conversely, in ALDH1A3, 
the carbonyl group of MONAL-71 was improperly oriented because the 
molecule was stacked at the active site entrance, due to extensive in
teractions with key residues such as Ile132 and Leu471 (Fig. 4B). These 
were primarily carbon-π interactions, which were more significant than 
typical aromatic interactions, also present. Specifically, Phe182 facili
tated offset-stacked (RING OT) interactions, while Phe308 generated 
edge-to-face (RING EF) interactions. These stabilizations resulted in 
non-productive substrate binding, since the distance between the 
carbonyl carbon of MONAL-71 and Cys314 exceeded 10 Å despite a 
favorable binding energy.

These differences reflect the larger active-site pocket of ALDH1A1 
[1], facilitating better substrate orientation and reducing steric hin
drance for enzymatic reaction. Structural differences between 
MONAL-71 and MONAL-62 further highlight how the position of 
methoxy and carbonyl groups in the aromatic ring of MONAL-71 may 

cause steric clashes in ALDH1A3, hindering correct aldehyde posi
tioning, while the orientation of functional groups in MONAL-62 enables 
better accommodation within the active site.

Noteworthy, structural predictions from molecular docking analyses 
were in good agreement with the experimental kinetic results. Particu
larly, the more favorable and productive binding of MONAL-62 and 
MONAL-71 to ALDH1A1 over ALDH1A3 accounts for the higher enzy
matic activity of ALDH1A1 with these naphthalene derivatives. Overall, 
these findings underscore how active site topology and ligand structural 
orientation influence substrate binding and enzymatic activity in the 
ALDH1A1 and ALDH1A3 isoforms.

3.4. Selective inhibition of ALDH1A1 by DIMATE: A tool for 
discriminating ALDH isoform activities in biological samples

DIMATE and its analogue, ABD0171, are emerging enzymatic in
hibitors currently advancing through clinical and preclinical research 
stages, respectively, and demonstrating distinct inhibitory profiles 

Fig. 3. Molecular docking analysis of MONAL-62 with ALDH1A1 and 
ALDH1A3 isoforms. A) Docking of MONAL-62 with ALDH1A1 (ΔG = − 7.0 
kcal/mol; RMSD lb = 1.361 Å; RMSD ub = 5.391 Å). π-π stacking (RING OF 
type) interactions are observed between the two rings of the ligand and Phe171 
and Tyr297, along with a RING FF interaction with Phe171. These stabilizing 
interactions enable the substrate to be ideally positioned near Cys303, sug
gesting an optimal configuration for a high-rate reaction, potentially correlating 
with an increased kcat value. B) Docking results of MONAL-62 with ALDH1A3 
(ΔG = − 7.4 kcal/mol; RMSD lb = 0.927; RMSD ub = 2.391). Multiple π-π 
stacking (RING FF and RING OF type) interactions are observed between the 
two rings of the ligand and Phe182, along with additional RING EE interactions 
with Phe308. These interactions contribute to the stabilization of the substrate, 
positioning the carbonyl carbon atom at 4.2 Å from Cys314.

Fig. 4. Molecular docking analysis of MONAL-71 with ALDH1A1 and 
ALDH1A3 isoforms. A) Docking of MONAL-71 with ALDH1A1 (ΔG = − 6.9 
kcal/mol; RMSD lb = 1.999; RMSD ub = 3.402). In this case, the substrate 
successfully reaches the catalytic site near Cys303, suggesting a favorable 
environment for the enzymatic reaction. The substrate is stabilized by π-π 
(RING OF) interactions with Phe171 and a sulphur-π interaction with Cys302, 
ensuring optimal orientation for catalysis. B) Docking of MONAL-71 with 
ALDH1A3 (ΔG = − 6.4 kcal/mol; RMSD lb = 2.491; RMSD ub = 4.282). The 
inhibitor is sequestered at the entrance of the active site due to interactions 
with Ile132 and Leu471 through carbon-π interactions. Additionally, π-π 
stacking (RING OT and RING EF) interactions with Phe182 and Phe308 further 
stabilize the inhibitor at this location. As a result, MONAL-71 is unable to reach 
the catalytic Cys314, preventing the enzymatic reaction.
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against different ALDH isoforms. DIMATE and ABD0171 preferentially 
target ALDH1A isoforms, showing promising selective inhibition. Once 
ALDH1A1 was identified as one of the most active isoforms with 
MONAL-62 (Table 2), an IC50 assay was conducted to determine the 
concentration range of DIMATE required for complete inhibition of 
MONAL-62 oxidation by ALDH1A1 (Fig. 5). Establishing this threshold 
is essential for optimizing the use of DIMATE as a selective inhibitor, 
ensuring effective targeting of ALDH1A1 while minimizing potential off- 
target effects.

The use of MONAL-62 as a substrate in the IC50 assay of ALDH1A1 
with DIMATE offered two main advantages: 1) an enhanced fluorescent 
signal due to the higher quantum yield of its carboxylic acid product as 
compared to NADH; 2) a greater inhibitory effect of DIMATE compared 
to when hexanal was used as a substrate. With a pre-incubation time of 
5 min, the IC50 value of ALDH1A1 for DIMATE with MONAL-62 was 9.2 
± 2.8 μM, which is significantly lower than 37 ± 5 μM, observed with 
hexanal even after 20-min pre-incubation [4]. This difference could be 
attributed to the bulkier nature of MONAL-62, which may further 
restrict substrate access to the enzyme active site in the presence of in
hibitor. Similar effects towards lower IC50 values had been observed 
with larger substrates such as all-trans-retinaldehyde compared to 
hexanal [4]. The combination of improved fluorescence detection and 
increased inhibition efficiency highlights the advantages of MONAL-62 
in assessing ALDH1A1 activity and the potency of selective inhibitors 
like DIMATE.

The enzymatic activity of ALDH1A1 and ALDH3A1, using MONAL- 
62 as a substrate, was assessed to evaluate the selective inhibitory ef
fect of DIMATE and ABD0171, after 5- and 20-min pre-incubation times 
(Fig. 6). The results demonstrate the potential of DIMATE as a selective 
inhibitor against ALDH1A1 and its high effectiveness in discriminating 
between ALDH1A1 and ALDH3A1. DIMATE significantly reduced the 
enzymatic activity of ALDH1A1 for both 5- and 20-min pre-incubation 
periods, with a more pronounced inhibitory effect observed after 20 
min. This confirms that DIMATE inhibition against ALDH1A1 is time 
dependent, consistent with previous reports [4]. In contrast, the inhib
itory effect of DIMATE on ALDH3A1 was less pronounced and not 
time-dependent, indicating that DIMATE exerts stronger inhibitory 

action on ALDH1A1 relative to ALDH3A1. Similar results were obtained 
with a DIMATE analogue, ABD0171, which displayed an even greater 
inhibitory effect. These results also reproduce the increased selectivity 
of these inhibitors against ALDH1A1 as compared to ALDH3A1 [4]. The 
selective inhibition of ALDH1A1 is particularly valuable for dis
tinguishing between these isoforms in complex biological samples where 
both may be present. By using DIMATE or ABD0171, researchers can 
effectively suppress ALDH1A1 activity without significantly affecting 
ALDH3A1, allowing for a more accurate identification and measurement 
of ALDH3A1 activity. This ability to selectively inhibit ALDH1A1 while 
preserving ALDH3A1 function is crucial for studies that aim to differ
entiate between these isoforms and investigate their specific roles in 
various biological processes. Therefore, DIMATE and ABD0171 serve as 
essential tools for exploring isoform-specific functions of ALDH en
zymes, enhancing our understanding of their contributions to cellular 
metabolism and pathophysiology in different biological contexts.

3.5. The use of MONAL-62 as a substrate along with inhibitors enable 
complete ALDH1A1 inhibition in triple-negative breast cancer cell lines

Breast cancer MDA-MB-231, MDA-MB-468, and HCC70 cells typi
cally express multiple ALDH isoforms, prominently ALDH1A1 and 
ALDH1A3, along with high levels of ALDH2 and ALDH3A1 [4]. ALDH 
activity in these cell lines has been previously assessed by using the 
ALDEFLUOR™ method focusing on ALDH1A1 and ALDH1A3 contribu
tions [16,17]. In the present study, we measured the endogenous ALDH 
activity in cell extracts by using the routine substrate hexanal, adapted 
for ALDH1A1 (without Mg2+) and ALDH1A3 (with Mg2+), alongside 
with MONAL-62. Comparable ALDH activity values (1.42–2.80 mU/mg) 
were obtained across all cell lines using hexanal (Table 3). Under 
ALDH1A3 conditions, activity levels for the three cell extracts were 
consistently higher than those for ALDH1A1.

Incubation with DIMATE and ABD0171 inhibitors revealed signifi
cant but incomplete inhibition of ALDH activity in all three cell lines, 
indicating their effect primarily on inhibitor-sensitive isoforms (mainly 
ALDH1A). The most substantial inhibitory effect was observed in 
HCC70 cells, where DIMATE reduced activity to 41.8 and 47.5 % for 
ALDH1A1 and ALDH1A3, respectively, while ABD0171 reduced activity 
to 39.4 and 42.7 % for ALDH1A1 and ALDH1A3, respectively.

Alternatively, we measured ALDH activity in cell extracts using 
MONAL-62 as a substrate, yielding similar values in MDA-MB-231 and 
HCC70 cells (0.72 and 0.87 mU/mg, respectively) but much lower in 

Fig. 5. Sigmoidal representation to calculate the IC50 value of ALDH1A1 
with DIMATE. The percentage of remaining activity is plotted against the 
logarithm of inhibitor concentration. Enzymatic activity was measured fluoro
metrically at 37ᵒC in 50 mM pyrophosphate/NaOH, 0.5 mM EDTA, pH 8.1. 
NAD+ concentration was 500 μM and the substrate was 5 μM MONAL-62 
(saturating concentration). The pre-incubation time was 5 min in the absence 
of cofactor, internal standard and substrate. Data are presented as the mean ±
standard deviation from duplicate measurements and the IC50 value (9.2 ± 2.8 
μM) is shown as the mean ± standard error.

Fig. 6. Enzymatic activity of ALDH1A1 and ALDH3A1 with MONAL-62 in 
the presence of DIMATE and ABD0171 with 5- and 20-min pre-incubation. 
Enzymatic activity was measured fluorometrically in 50 mM sodium pyro
phosphate/NaOH, 0.5 mM EDTA, pH 8.1, at 37ᵒC, in the presence of 150 μM 
NAD+ and using 5 μM MONAL-62. Inhibitor concentration was 10 μM DIMATE 
and ABD0171. Fluorescence of the reaction product MONOIC-62 was moni
tored at 360 nm with excitation at 288 nm. Data are presented as the mean ±
standard deviation from duplicate measurements.
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MDA-MB-468 cells (0.025±0.001 mU/mg). In the former two cell lines, 
activity values were comparable to those measured with hexanal as a 
substrate (Table 3). The lower activity detected in MDA-MB-468 cells 
suggests a different isoform profile with reduced expression of MONAL- 
62-specific isoforms (likely ALDH1A1 and ALDH3A1). Incubation with 
100 μM DIMATE or ABD0171 resulted in complete inhibition of the 
enzymatic activity when MONAL-62 was used as a substrate, indicating 
effective targeting of ALDH1A isoforms. Therefore, the combination of 
MONAL-62, which is more isoform specific than hexanal, along with 
inhibition by DIMATE and ABD0171, improves our ability to charac
terize the isoform composition of complex low-activity cell extracts.

4. Conclusions

ALDH is increasingly used as a biomarker in cancer tumors, which 
show a wide heterogeneity regarding isoform composition. Existing 
models to assess ALDH activity, such as the ALDEFLUOR™ assay, lack 
sufficient discrimination among different ALDH isoforms. In addition, a 
comprehensive kinetic characterization with BAAA, the ALDEFLUOR™ 
substrate, had not been previously conducted. This work study achieves 
a comprehensive characterization of ALDH isoforms using BAAA, by 
monitoring the fluorescence emission of NADH at 460 nm. BAAA proved 
effective across all ALDH1A isoforms, with Km values in the micromolar 
range (2.1–5.2 μM). ALDH1A2 displayed the highest kcat value (174 
min− 1) while ALDH3A1 demonstrated no activity with BAAA consistent 
with previous findings. As an alternative approach for assessing ALDH 
activity in cellular extracts, we explored MONAL-62 and MONAL-71 as 
fluorogenic substrates and the kinetic constants of ALDH isoforms were 
determined. MONAL-62 offered exquisite sensitivity with a detection 
limit as low as 1.95 pM ALDH1A1, significantly surpassing the routine 
assay with hexanal in selectivity and sensitivity. Combined with selec
tive ALDH1A inhibitors, such as DIMATE and ABD0171, the MONAL-62 
assay proved to be an invaluable tool for quantifying ALDH1A1 activity 
in complex biological samples, even in the presence of other isoforms. 
Furthermore, the high substrate specificity of ALDH1A1 for MONAL-71 
provides an additional assay for the unambiguous identification of this 
isoform. This method successfully detected ALDH1A isoform activity in 
extracts from triple-negative breast cancer. In conclusion, the adoption 
of the MONAL-62/MONAL-71 assays represents a significant advance
ment in the detection of ALDH1A1, addressing the limitations of 
hexanal-based assays and offering enhanced precision and reliability in 
both research and clinical applications.
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with Universitat Autònoma de Barcelona. AC was supported by a 
doctoral PhD fellowship under the program Plan France Relance 2024 
(CRISPALDHin). We are indebted to Dr. Marina Corbella (Universitat de 
Barcelona) who validated the molecular docking analyses, and Dr. Sal
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Table 3 
Inhibition of ALDH1 enzymatic activity in MDA-MB-231, MDA-MB-468, and HCC70 cell extracts following incubation with DIMATE and ABD0171, using hexanal as a 
substrate.

Cell line ALDH1A1a ALDH1A3b

Control 
Activity 
(mU/mg)

DIMATE ABD0171 DIMATE ABD0171 Control 
Activity 
(mU/mg)

DIMATE ABD0171 DIMATE ABD0171

​ 15 μM 100 μM 15 μM 100 μM
​ Remaining activity (%) ​ Remaining activity (%)

MDA-MB-231 1.77 ± 0.12 77.7 ± 7.4 60.4 ± 16.6 63.5 ± 1.7 80.0 ± 11.8 2.80 ± 0.21 74.4 ± 5.4 90.1 ± 7.4 61.0 ± 7.8 67.7 ± 11.8
MDA-MB-468 1.42 ± 0.15 77.9 ± 6.1 82.5 ± 6.1 59.9 ± 5.4 63.1 ± 5.8 2.07 ± 0.24 76.3 ± 7.5 73.4 ± 3.7 45.2 ± 3.8 42.4 ± 5.3
HCC70 1.63 ± 0.16 86.0 ± 10.9 55.6 ± 6.3 41.8 ± 2.5 39.4 ± 2.1 2.56 ± 0.13 64.5 ± 13.5 67.8 ± 10.9 47.5 ± 9.8 42.7 ± 0.6

The remaining enzymatic activity was measured fluorometrically using hexanal as a substrate under saturating conditions (30 μM and 250 μM for ALDH1A1 and 
ALDH1A3, respectively). The reaction mixture was pre-incubated for 20 min at 37ᵒC in the presence of 15 and 100 μM DIMATE or ABD0171, in the following assay 
mixture: aFor ALDH1A1, 50 mM HEPES, 0.5 mM EDTA, pH 7.2. bFor ALDH1A3, 50 mM HEPES, 50 mM MgCl2, pH 7.2. After pre-incubation, 500 μM NAD+, 5 μM NADH 
as an internal standard and hexanal were added. Data are reported as the percentage of remaining enzymatic activity with respect to the untreated control. Exper
imental values are the mean ± standard deviation.
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